Autoinducer-2 (Al-2) molecules are used by several microorganisms to modulate various processes, including bioluminescence, biofllm formation, and virulence expression. Certain food matrices, including ground beef extracts, possess compounds capable of inhibiting Al-2 activity. In the present study, we identified and characterized these Al-2 inhibitors from ground beef extract using hexane solvent extraction and gas chromatography. Gas chromatographic analysis revealed the presence of several fatty acids such as palmitic acid (C 16 .,,). stearic acid (C, 8 . 0 ), oleic acid (C, 8 .,w9), and linoleic acid (C 18 . 2w6) that were capable of inhibiting AI-2 activity. These fatty acids were tested (using Vihrio harvevi BB 170 and MM32 reporter strains) at different concentrations (1, 5. and It) mM) to identify differences in the level of AI-2 activity inhibition. AI-2 inhibition ranged from 25 to 90%. A mixture of these fatty acids (prepared at concentrations equivalent to those present in the ground beef extract) produced 52 to 65% inhibition of Al-2 activity. The fatty acid mixture also negatively influenced Escherichia coli K-12 biofllm formation. These results demonstrate that both medium-and long-chain fatty acids in ground beef have the ability to interfere with Al-2-based cell signaling.
in a 96-well plate. A negative control (10 p.l of AB medium) and a positive control (5 p.1 of in vitro AI-2 plus 5 p.1 of AB medium) were included in each experiment. Six replicates were used for each measurement. The microliter plates were incubated at 30°C with moderate shaking (100 rpm), and the luminescence response of the reporter strains was monitored with a Wallac 1420 plate reader (PerkinElmer, Shelton, Conn.). Inhibition of AI-2 activity was expressed as a percentage relative to the corresponding positive control and was calculated as 100 -[(light unit measurement of sample/light unit measurement of positive control) X 1001 (10) .
Identification and characterization of inhibitory compounds. Identification and characterization of inhibitory compounds present in the beef extracts were based on the results of a solvent extraction procedure. Equal volumes (I liter) of ground beef extracts (prepared as described) were mixed with solvents of various polarities such as hexane (minimal polarity), ethyl acetate (medium polarity), and methyl ether ketone (highest polarity), followed by rigorous mixing (200 rpm) for I h and a solvent phase separation for 30 mm. The solvents were evaporated in a chemical hood. The extracts were dissolved (1 mg/ml) in sterile water (80°C) and were analyzed for AI-2 inhibition. When assayed, the hexane-extracted material had the highest level of Al-2 inhibition, suggesting that the inhibitory compounds may be hydrophobic. The remaining aqueous phase of the hexane-ground beef extract also was checked for A1-2 inhibition. The gas chromatography (GC) analysis of the hexane extracts was performed as described previously (8) . The GC system (model 3400. Varian, Palo Alto, Calif.) was equipped with a split injector, a flame ionization detector, and a fused silica capillary column (100 m, 0.25 min diameter, 0.20-p.m film: SP 2560, Supelco, Bellefonte, Pa.). Methyl esters of the fatty acids were generated using hydrogen as a carrier gas, and the extracted fatty acid esters were injected into a GC system with a flame ionization detector to pass through a fused silica capillary column. Fatty acid concentrations in the materials extracted with the hexane solvent were determined using standard American Oil Chemists' Society official method Ce lh-05 under conditions described by Hossen and Hernandez (8) . Reference fatty acid methyl esters were used to identify and quantify the fatty acids present in the sample.
Inhibition of AI-2 activity by selected fatty acids. The fatty acids, palmitic (C i o 0 ). stearic (C 18 .0), oleic (C i81 w9), and linoleic (C 18 : 2w6), that accounted for the major proportions in the GC analysis were commercially purchased (Sigma) and tested at different concentrations (1, 5, and 10 mM) using V. harveyi reporter strains (BB170 and MM32) to screen for inhibition of AI-2 activity. These fatty acids were mixed together (7.16 + 3.71 + 9.97 + 0.58 .g/ml, respectively) in water to obtain a lx concentration, which corresponded to 0.027. 0.013, 0.035. and 0.002 mM concentrations of the four fatty acids, respectively, and was based on the stoichiometric relationships of these fatty acids obtained during the GC analysis. Both lOX and lOOX mixtures also were prepared, and their inhibitory effect on AI-2 activity was measured. To determine whether the observed inhibition of AI-2 was due to acid functionality of selected fatty acids, a portion of the bOX fatty acid mixture (pH 5.9) was neutralized with 0.1 N NaOH and tested for AI-2 inhibition. To rule out the possibility that the observed inhibition of AT-2 activity was due to a bactericidal effect on the reporter strains, portions of the bioassays were plated on Luria-Marine medium when an inhibition of Al-2 activity was observed. The plates were incubated at 30°C. and V. harveyi colonies were enumerated after 24 It of incubation.
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Effect of fatty acids on E. coli K-12 biofllm formation.
The biofilm formation assay was based on that previously reported (20) . E. coil K-12 cells were grown overnight in Luria-Bertani (LB) medium, and 95 Vtl of the freshly diluted (1:100) culture was mixed with 5 p.1 of test sample in a sterile round-bottom 96-well polystyrene plate (Nunclon surface, Nalge Nunc International, Roskilde, Denmark). A positive control (95 p.1 culture plus S p.l of deionized water) was included for each experiment. The plates were incubated at 37°C for 48 It without shaking. At the end of the incubation period, the unattached cells were removed, and the plates were washed with distilled water. The remaining bioflim was stained for IS min with 100 p. Statistical analysis. Six replicates were included for the A1-2 inhibition and biofilm assays. The experiments were repeated at least twice. Statistical analyses (paired t test) were performed using SPSS version 12.0 (SPSS, Chicago, Ill.).
RESULTS

Solvent extraction of the ground beef extract. The
inhibitory compounds present in the beef extract were extracted using a solvent extraction procedure and employing solvents of various polarities: hexane, ethyl acetate, and methyl ether ketone. When the different ground beef-solvent extracts were tested for inhibition of AI-2 activity, the hexane extracts had the highest level of AI-2 inhibition (95%; Fig. 1 ). There was no difference in the plate counts of the V. harvevi BB 170 reporter strain, confirming that the observed inhibition of AI-2 activity was not an experimental artifact due to reduced viability of the reporter strain (Table 1) . When tested, the aqueous content of hexaneground beef extract did not result in appreciable AI-2 inhibition (18). (Table 2) . Linoleic, myristic, palmitoleic, linolenic, and pentadecanoic acids also were present at various concentrations in the hexane extracts from the ground beef ( Table 2) .
Identification of fatty acids by GC analysis. GC
Inhibition of AI-2 activity by fatty acids. Linoleic, oleic, palmitic, and stearic acids were tested for their ability to inhibit A1-2 activity in the V. harveyi (1313I70 and MM32) reporter strains. The fatty acids at various concentrations (1, 5, and 10 mM) exhibited some level of AI-2 inhibition, and the level of inhibition increased as the concentration of the fatty acids increased ( Fig. 2A and 213 ). Oleic acid (C 18 . 1 (09) in general caused greater AI-2 inhibition than did linoleic (C 18 . 2w6), palmitic (C 16.0), and stearic (C 18 .0) acids. Rather than testing these fatty acids singly, mixtures of these fatty acids were prepared (lx, 10 X, and bOX) and tested for their ability to inhibit AI-2 activity. Using V. harvevi BB170 as the reporter strain, inhibi- the lOX concentration than at the 1 X concentration, but no differences were observed between the 10 and 100 concentrations. AI-2 inhibition did not differ significantly between bOX fatty acid solutions (86.6% 4.9% AI-2 inhibition) and neutralized bOX fatty acid solution (98.6% 8.7% AI-2 inhibition), suggesting that observed AI-2 inhibition was not due to the acid functionality of fatty acids. Bacterial counts of the BB170 and MM32 reporter strains (in the positive control, negative control, and fatty acid treatments) averaged between 7.1 and 7.6 log CFU/ml ( Table 1 ), suggesting that the growth of the reporter strains was not influenced by the fatty acid concentrations used in this study.
Influence of fatty acids on E. coli K-12 biofllm formation. Figure 4 shows the influence of fatty acids on biofilm formation by E. coli K-12 cells. The addition of inhibitory compounds from the aqueous extracts or fatty acids mixture resulted in a two-to fourfold reduction in biofllm formation compared with the positive control. There was no difference in the E. coli K-12 plate counts in the presence of ground beef extracts or fatty acids compared with the positive control, which indicates that cell growth was not affected by the experimental treatments (Table 1) .
DISCUSSION
Screening and identification of QS inhibitory compounds from natural and man-made sources is of continuing interest (10, (18) (19) (20) . Lu et al. (JO) reported that some food matrices, including ground beef, are capable of inhibiting AI-2-like activity. Halogenated furanones produced by the alga Delisea pulchra and synthetic furanones have the ability to interfere with both Al-l-and AI-2-mediated QS systems (12, 20) . Microarray analysis revealed that approximately 79% of the QS-regulated genes in E. coli were repressed by the presence of synthetic furanones (20) . Lu et al. (10) studied the effect of different food preservatives such as sodium acetate, benzoic acid, propionic acid, and sodium nitrate on AI-2-like activity. These preservatives inhibited AI-2 activity by 75 to 99%.
In the present study, we identified and characterized some of the specific fatty acids in ground beef that are responsible for the inhibition of AI-2 activity. These fatty acids inhibited AI-2 activity when tested either individually (1, 5, and 10 mM) or in a mixture at various strengths (ix, lOX, and lOOX) (Figs. 2A, 2B, and 3 ). Tenfold increases (IX to lOX, and lOX to bOX) in fatty acid concentrations did not result in a corresponding 10-fold decrease in AI-2 activity, suggesting that there might be point of saturation in the inhibitory activity. The GC analysis of the hexane extracts yielded eight fatty acids. The inhibition by the aqueous extract was 88%, that of the hexane extract was 95%, and that of the 1 X mixture of the four fatty acids was 65% (Figs. 1 and 3 ). This variation in inhibition is not surprising because the hexane extract contains a high concentration of inhibitors. We acknowledge that the hexane extract may contain inhibitors in addition to those identified by the GC analysis. The fatty acids used in this study were among the predominant fatty acids that were extracted. Saturated and unsaturated fatty acids such as caprylic and linoleic acids have been reported to possess antimicrobial activity (16) . However, the concentrations that have been used in previous studies were much higher than those tested in the present study (13, 16) . The inhibitory effect of the fatty acids on AI-2 activity in the present study is significant because our results indicate that these fatty acids are able to modulate AI-2-based cell signaling without affecting bacterial cell viability.
Microbial biofllm formation has been linked to AI-2-based cell signaling and has been implicated in pathogenicity (6, 7, 9, 18, 21) . The E. coli K-12 strain used in this study produces AI-2 molecules and has been used by other investigators to study QS processes (6, 20, 27) . Biofllm formation in E. coli K-12 cells has been reported to be under the direct control of AI-2-based cell signaling (6, 7) . Our results suggest that a mixture of C 160, C 180, C18.1w9, and C 18 .2w6, which was capable of interfering with biofilm formation, may be useful for controlling biofilm formation. Concentrations of these inhibitory fatty acids above those concentrations found in ground beef did not result in greater inhibition of bioflim formation, suggesting that there might be saturation point for the amount of inhibitory activity. Like fatty acids, furanones (which can inhibit biofilm formation) are now considered to be of clinical significance. Synthetic furanones are now undergoing extensive clinical trials as therapeutic agents against biofilms associated with cystic fibrosis (28) . We are currently attempting to delineate the specific mechanism(s) by which fatty acids inhibit AI-2 activity and inhibit biofilm formation.
These results demonstrate that both medium-chain and long-chain fatty acids isolated from ground beef can inhibit AI-2-based cell signaling and biofllm formation. Further research, however, will be needed to fully understand the mode of action and potential suite of applications for these fatty acids as AI-2 inhibitors in maintaining food quality and food safety. Such studies can lead to the development of high-value-added products from ground beef, which can be utilized to enhance the safety and quality of foods.
